The temperature-compensated surface acoustic wave (TC-SAW) is widely studied to achieve the tight roll-off characteristics required for mobile communication systems. LiNbO 3 covered with a SiO 2 film structure is proposed for one of the temperature compensation methods. One of the issues with applying the SiO 2 /LiNbO 3 substrate for filter devices is the prediction of spurious responses. These spurious responses are caused by the interaction of the different propagation Rayleigh mode and shear horizontal (SH) mode. In this paper, the extended coupling of modes (COM) model can be expressed and the mutual coupling between SH and Rayleigh modes is proposed. To verify the proposed multimode COM model, the transmission characteristics were simulated and compared with the measurement results.
Multimode coupling of modes model for spurious responses on SiO 2 /LiNbO 3 substrate
Introduction
The temperature-compensated surface acoustic wave (TC-SAW) is widely studied to achieve the tight roll-off characteristics required for mobile communication systems.
1-3) LiNbO 3 covered with a SiO 2 film structure is proposed for one of the temperature compensation methods. The design of the filter device requires an accurate simulation environment. The RF application SAW filter simulation model consists of the acoustic simulation part and electromagnetic simulation parts. The acoustic simulation part accuracy has a significant impact on determining the final filter performance. According to the SAW acoustic simulation, the coupling of modes (COM) model which was originally developed for the optical domain, started to be used for the SAW device simulation. 34) The P-matrix form enables us to calculate the transmission characteristics of various SAW device structures such as a chirped resonator and a double-mode SAW (DMS).
35) The COM model application range was expanded with the development of the closed equation form for the shear horizontal (SH) mode.
36) The COM model shows good agreement with the measurement result of the SH mode on a LiTaO 3 substrate. However, in the TC-SAW study, various kinds of spurious responses, which did not appear on the LiTaO 3 substrate, are observed. One of the spurious responses on the TC-SAW comes from the different propagation modes. In the case where the main mode is the Rayleigh mode, the SH mode appears as the spurious response near the pass band. Moreover, these two modes exist very closely and are mutually coupled to each other. An issue that applies to the SiO 2 =LiNbO 3 substrate for the filter devices is the prediction of spurious responses. The conventional single-mode COM model cannot catch the mutual coupling between the SH and Rayleigh modes. In this paper, the multimode COM that can model the mutual coupling between the SH and Rayleigh modes is proposed. To verify the proposed the multimode COM model, the transmission characteristics were simulated and compared with the measurement results. Figure 1 shows a cross sectional view of TC-SAW composed of the SiO 2 =LiNbO 3 substrate. SiO 2 is overcoated on the electrode and the 128YX-LiNbO 3 substrate. The geometry is h = 0.04λ, H = 0.275λ, and λ is wavelength. The duty factor of the electrode used is 0.5. Figure 2 shows an illustration of the conventional single-mode COM model concept. Figure 3 shows the simulated dispersion characteristics by the finiteelement method and spectral domain analysis (FEMSDA) on dots and the COM model on the solid line. [37] [38] [39] [40] The following equations are single-mode COM model equations.
Current COM model
Here, U 1 is the forward wave, U 2 is the reflection wave, κ ij is the acoustic coupling coefficient, K k is the electroacoustic coupling coefficient, v k is the phase velocity, and C T is the static capacitance, From the Eqs.
(1) to (3), dispersion characteristics can be derived. SH and Rayleigh branches and the mutual coupling between them are observed on the FEMSDA result. The COM model can trace the Rayleigh branch well. However, the SH branch and mutual coupling do not consider the current COM model. Prediction of the mutual coupling is important for the device design. Figure 4 shows an illustration of the multimode COM model concept. The multimode COM model equation can be derived by adding pairs of differential equations to the single-mode COM equations. Figure 5 shows the proposed multimode COM model results on a solid line with Eq. (4). On the multimode COM model, both Rayleigh and SH branches agree well and the mutual coupling is also successfully modeled.
New proposed COM model
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Experimental verification
To verify the proposed multimode COM model, the transmission characteristics were simulated is performed and compared with the measurement results. First, a uniform oneport resonator comparison with the measurement is performed. Figure 6 shows the simulated results by single-mode COM model compared with the measurement results. The SH mode spurious response is observed near the antiresonant frequency. The single-mode COM model result agrees with the main response. However, the SH mode response cannot be predicted. Figure 7 shows the simulated results using the multimode COM model. The multimode COM model simulation successfully predicted the SH mode spurious response. An actual SAW filter device not only consists of the simple uniform pitch resonators, but also the double mode SAW (DMS) structure to achieve good filter performance. After the comparison with the simple resonator, the actual filter device comparison is performed. To confirm the effect of the excitation of the SH mode and the mutual coupling between the Rayleigh and SH modes on the transmission characteristics, four simulation configurations with or without considering the SH mode excitation and with or without considering the mutual coupling are performed. Figure 8 shows the single-mode COM model without considering both the SH mode excitation and the mutual coupling. This condition is obtained by setting the mutual coupling coefficient κ 13 = κ 14 = κ 23 = κ 24 = κ 31 = κ 32 = κ 41 = κ 42 = 0 and SH mode excitation coefficient α 2 = 0. The measured result shows two spikes in the filter pass band, however, the simulated result cannot predict them. Figure 9 shows the multimode COM model while considering only the SH mode excitation. This condition is obtained by setting κ 13 = κ 14 = κ 23 = κ 24 = κ 31 = κ 32 = κ 41 = κ 42 = 0. Spikes disappear on the simulation, which are caused by the interaction between the longitude mode in the DMS and the SH response. This result also does not agree with the measurement. Figure 10 shows the multimode COM model while considering only the mutual coupling. This condition is obtained by setting α 2 = 0. There are two spikes appearing in the pass band, but the magnitude of the spikes still does not agree with the measurement. Figure 11 shows the multimode COM model while considering both the SH mode excitation and the mutual coupling. The result shows good agreement with the measurement. From this study, the mutual coupling between the Rayleigh and SH mode modeling is important for the accuracy of the spurious response prediction.
Conclusions
In this paper, we proposed the multimode COM model that can consider the mutual coupling between the Rayleigh and SH modes to improve the spurious response simulation accuracy of the TC-SAW. The multimode COM equation is derived first. Dispersion characteristics are calculated from the multi-mode COM equation and compared with the FEMSDA result. As a result, both the Rayleigh mode and SH mode branches agree well and the mutual coupling between them can also be traced by using the multimode COM model. To verify the multimode COM model, a comparison with the measurement is performed. One is the simple uniform resonator. The SH mode spurious response can be predicted by the simulation. For verification on practical filter application, the measured filter device including the DMS structure is compared with the multimode COM simulations. To separate each effect of the SH mode excitation and the mutual coupling, four simulation configurations are studied. The result indicates that the mutual coupling modeling is very important for the accuracy of the spurious response prediction. 
